To obtain reliable thermodynamic data on substituted triazines, it is necessary to use a calonrmeter that is capable of high precision with small quantities of sample and in which a homogeneous solution of the corrosive combustion products can be maintained. The enthalpies of combustion of six substituted triazines have been determined in a platinum-lined adiabatic rotating bomb calorimeter. These are the first determinations of enthalpies of combustion or formation to have been reported for these compounds. The values derived for the enthalpies of formation in kU/mol at 25 'C are as follows: 2,4,6-trinmethoxy-1,3,5-triazine, -478,60+±0.87; 2,4,6-triethoxy-1,3,5-triazine, -584.99+I. 50; 2,4,6-tris(2-fluoro-2,2-dinitroethoxy)-l,3.5-triazine, -1109.80 1.53; 2,4-dimethoxy-6-(2-fluoro-2.2-dinitroethoxy)-l,3,5-triazine, -697.08±11.15; 2-methoxy-4,6-bis(2-fluoro-2,2-dinitroethoxy)-1,3, 5-triazine, -907.71±L2.40; 2-amnio-4,6-bis(2-fluoro-2,2-dinitroethoxy)-1,3,5-triazine, -773.12 + 1 50.
Introduction
The triazines comprise an interesting group of compounds for which few data on the enthalpies of combustion and formation exist in the available literature. This is probably due to the difficulty of preparation and purification of these materials.
The parent compound, symmetrical triazine amino-1,3,5-triazine, (C 3 N 3 (NH 2 ) 3 ), has also been studied by Tauernier and Lameroux [6] , Salley and Gray [7] , and Lemoult [8] , respectively. Other related compounds for which calorimetric determinations of thermochemical properties have been reported are 1,3,5-triphenyl-1,3,5-triazine-2,4,6-trione [9] , 2,4,6-triphenoxy-1,3,5-triazine [9] , 2,4,6-trichloro-1,3,5-triazine [10] , 6-amino-1,3,5-triazine [9] , 4,6-diamino-1,3,5-triazine-2-one [9] , hexahydro-1,3,5-trinitroso-1,3,5-triazine [11, 12] , 1,3,5-trinitro-1,3,5-triazine [11, 12] , 2,4-dichloro-6-ethylamine-1,3,5-triazine [13] , 2-chloro-4,6-bis(ethylamine)-1,3,5-triazine [13] , 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine [13] , and 2-chloro-4,6-bis(isopropyl-amino)-1,3,5-tri-azine [13] .
This investigation reports the values for the enthalpies of formation of symmetrical triazines substituted with fluorine, nitro and alkyl or alkoxy groups, determined using an adiabatic rotating bomb calorimeter, These substituted derivatives of symmetrical triazine present certain problems for calorimetric measurements. First, they are difficult to prepare and to purify except in very small quantities, which means that the calorimeter used in the measurements must be capable of making high precision measurements on very small quantities of sample. Second, the combustion products of the compounds studied in this investigation are carbon dioxide, nitrogen, water, hydrofluoric acid, and nitric acid. Therefore, in order to obtain reliable calorimetric data for these compounds, the bomb must be rotated to obtain a homogeneous solution of the aqueous acids, and the interior of the bomb must be lined with platinum to prevent corrosion.
Materials
The triazine samples were obtained from Picatinny Arsenal through the courtesy of V. I. Siele. All were colorless crystalline materials, had very low vapor pressure, were nonhygroscopic and stable in moist air. Because of the rather long chemical names, the materials have been designated as Triazine I, Triazine II, etc., in the sections of this paper that follow: 
Triazine III
The Picatinny label was: 51-55, mp 76-77 'C. An attempt was made to further purify a portion of this material by a zone-melting technnique; however, no difference was observed in the energy of combustion or in the stoichiometry of the combustion products between the treated and untreated portions. * 2,4-Dimethoxy-6-(2-fluoro-2,2-dinitroethoxy)-1,3.5-triazine Triazine IV The Picatinny label was: 762-50-59-1, mp 54-56 'C. No purification was attempted. * 2-Methoxy-4,6-bis(2-fluoro-2,2-dinitroethoxy)-1,3,5-triazine Triazine V The Picatinny label was: 51-54, mp 98.5-100 'C. No purification was attempted. * 2-Amino-4,6-bis(2-fluoro-2,2-dinitroethoxy)-1,3,5-triazine Triazine VI The Picatinny label was: 762-50-57-1, mp 91-92.5 'C. No purification was attempted. Benzoic Acid-The benzoic acid used for the calibration experiments was Standard Reference Material 39i, obtained from the National Bureau of Standards' Office of Standard Reference Materials. The purity was given as 99.997 mol%. Oxygen-Conimercial oxygen was purified by passing successively through an oxidizer containing copper oxide at 450 'C, a carbon dioxide absorber, and a drier containing magnesium perchlorate. In some experiments a cylinder of high purity oxygen was used; analysis showed the following maximum concentrations of impurities in ppm: N 2 , 3.0; H1O, 2.0; and N0,( 0.8. The presence of these impurities in the given concentrations would not significantly affect the results of this investigation. There was no apparent difference between the results obtained using the two samples of oxygen.
Calorimetric Apparatus
An adiabatic rotating bomb calorimeter, designed and constructed by the present authors at this laboratory and described in ref. [14] , was used for all measurements in this investigation. The bomb is completely lined with platinum to prevent reaction with corrosive solutions, and can be rotated to insure a homogeneous solution of the bomb liquid. The adiabatic feature results in a low heat capacity, approximately 2500 J/K, to permit high precision with relatively small quantities of sample. The bomb is surrounded by an adiabatic shield, automatically maintained at the temperature of the bomb; the calorimeter is enclosed within a jacket and is operated under high vacuum. The volume of the bomb is 98 cm;.
Temperatures are determined by means of a capsuletype platinum resistance-thermometer located within the bomb wall. A heater, also located within the bomb wall, serves to preheat the bomb to the desired initial temperature. The thermometer is connected in series with a 27.5 1) standard resistor, a variable resistor and a 2 V storage cell. The standard resistor is enclosed in a thermostat which is controlled at 30.6 'C. The thermometer current is 5 mA. The potential leads of the resistor are connected to the standard cell terminals of an L&N microvolt potentiometer which had been altered to tap off 1.000 V instead of 1.018 V. The potential leads of the thermometer are connected to the emf terminals of the potentiometer. The working current of the potentiometer was adjusted such that the potential reading across the 27.5 fl resistor was 1.000 with a current of 5 mA. The actual voltage corresponding to a dial reading of 1.0000 is, therefore, 0.1375 V. The emf reading is, therefore, the ratio of the resistance of the thermometer to that of the standard resistor. A nanovoltmeter used as a detector permits the measurement of temperature within + 15 X 10-6 IC.
Ignition of the sample is accomplished by discharging an 18,000 pF condenser, previously charged to about 23 V, through a platinum wire fuse in contact with the sample. From the drop in potential across the condenser, the quantity of electrical energy can be calculated. By means of separate experiments it was found that 67% of the calculated energy was actually dissipated within the calorimeter; this factor was used to determine the actual quantity of ignition energy.
Since this is a dry (aneroid) bomb (not surrounded by water), the rotation which is carried out to produce uniform product concentrations inside the bomb does not produce enough energy to require any corrections to be made for this rotation.
Procedure
The approximate quantity of sample required was pressed into a pellet and weighed in a small platinum crucible using a microbalance. All weights were corrected to weights in vacuum by means of buoyancy corrections derived from the density of the sample and air-density measurements at the time of weighing. The crucible was supported in the bomb so that the sample was in contact with a 2 cm length of 0.075 mm diameter platinum wire connected between the bomb electrodes. The quantity of water initially placed in the bomb was 0.3 cm 3 for the benzoic acid calibration experiments and for those materials which did not contain fluorine; 3.00 cm 3 of water was used for the fluorine-containing compounds.
The bomb was then closed, flushed with I liter of oxygen and filled to 3.204 MPa (31.62 atm) with purified oxygen. The bomb was placed in the calorimeter, the filling temperature was observed and the calorimeter jacket was evacuated. The adiabatic temperature controls were placed in operation and the calorimeter was heated to approximately 24.98 'C. The calorimeter was left overnight with the vacuum pumps and the temperature controls in operation. While this period of time was much longer than required for thermal equilibrium to be established, the experiments were performed in this manner so that the calorimetric experiment, the analyses of the combustion products, and the preparation for the next experiment could be completed during the working day.
On the following morning the calorimeter temperatures were observed at intervals of a few minutes during a 45 min initial rating period. The sample was then ignited and rotation of the bomb was initiated approximately 2 min after firing. After about 20 min, thermal equilibrium was approached and temperatures were observed at intervals of a few minutes during a final rating period. Rotation of the bomb was omitted for the benzoic acid calibration experiments. Because of the heating effect of the 5 mA current through the platinum resistance thermometer, there was a constant rise in temperature of approximately I K/h. The initial and final calorimeter temperatures were obtained by extrapolation of the initial and final time-vs-temperature curves to the actual time of ignition.
The bomb was removed from the calorimeter and the gaseous contents released slowly through a weighed carbon dioxide absorption tube [15] ; a stream of CO 2 -free air was passed through the bomb at 100 cm 3 /min for approximately I h to complete transfer of carbon dioxide. The absorption tube was flushed with dry hydrogen before weighing to reduce the effect of displacement of oxygen by the sodium carbonate formed.
The bomb was opened and the liquid contents transferred to a weighed polyethylene bottle taking care that the liquid made no contact with anything other than platinum and polyethylene. The bottle, together with the solution and washings, was weighed. A weighed aliquot was placed in a polyethylene titration flask which contained a plastic-coated stirring bar. A stream of CO,-free air was passed through the stirred solution for I h to remove the dissolved carbon dioxide. Slightly less than the theoretical quantity of standard alkali was added from a buret, a combination calomel-glass electrode was introduced, and the titration was completed using a pH meter, A second aliquot was taken for the determination of nitric acid by a micro-Kjeldahl procedure in which the acid was converted to ammonia and collected in an excess of standard sulfuric acid. Back titration with standard alkali gave the quantity of nitric acid in the aliquot. The quantity of hydrofluoric acid should be given by the difference between the total acidity and the acidity of the nitric acid, determined as described above, if no other acids are present. In order to verify the quantity of hydrofluoric acid, a few of the aliquots were titrated using a fluoride selective electrode. The results obtained by repetitions of the Kjeldahl procedure for nitric acid determination varied by as much as 10%, probably because the acid concentrations were very low. The quantity of nitric acid was, therefore, taken as the difference between the total acidity and the theoretical quantity of hydrofluoric acid.
Results and Discussion
The certified calorific value for the benzoic acid used for calibration of the calorimeter was 26434±3 J/g under certificate conditions. This reduces to AU 'C= -26412.35±3.0 at 26 'C and -26410.36±3.0 at 28 'C for the change in internal energy under standard conditions.
The densities of the materials, when not given with the other sample data, were determined by an approxi- The results of the CO, analyses are given in table 2.
The results of the benzoic acid calibration experiments are given in tables 3, 4, and 5. The terms used in the tables are described as follows:
EEE-std, the effective energy equivalent of the standard, empty calorimeter at the standard mean temperatue of the experiment; Cv-cont(i), the heat capacity of the initial bomb contents including the crucible, sample, water, and oxygen; Corr to ti, a correction to the heat capacity of the calorimeter for deviation of the actual mean temperature of the experiment from the standard mean temperature; Corr-parts, a correction to the heat capacity of the calorimeter for alterations during the series of experiments; EEE-actual, the effective energy equivalent of the actual initial calorimeter system at the actual mean temperature of the experiment;
Temp. rise, the observed increase in temperature of the calorimeter following combustion of the sample; Q-total, the total quantity of energy evolved by the overall bomb process, obtained as the product of EEE-actual and the temperature rise; q-ign, the electrical energy added to the calorimeter system to ignite the sample; q-decomp HNO,, the calculated quantity of energy required to decompose any nitric acid, formed in the combustion process, into nitrogen (g) and water (liq) using 59.7 kJ/mol; q-WC, the Washburn correction [17, 18] applied to convert reactants and products to their respective standard states at the actual final temperature;
q-corr to std tr, a correction applied for deviation of the actual final temperature from the selected standard final temperature; Q-std react, the energy evolved by the reaction with reactants and products in their respective standard states at the selected final temperature, obtained as the algebraic sum of Q-total and the energy corrections; in 5 , the mass of sample; AU'C, the energy evolved by the standard reaction at the selected final temperature for the constant volume process.
The values in the tables were taken from the computer printout and have been rounded for convenience. For this reason, slight differences from the more exact computer results may result by calculation from the tabulated values. For the calibration experiments the value for EEE-std was obtained from AU 'C using an iterative procedure. Three separate series of calibration experiments were performed because of significant changes in the calorimeter system and in the selected temperature increment.
The results of the combustion experiments on the triazines are given in tables 6, 7, 8, 9, 10, and 11.
The values given in the tables correspond to the following reactions:
(1) 2,4,6-Trimethoxy-1,3,5-triazine Triazine I CHE 9 0 3 N 3 (c)+6.75 0 2 (g)-.+ 6 CO(g) + 1.5 N 2 (g) +4.5 H 2 0(liq) AU 'C(28 'C) =-t8524.344.9 J/g. Table 6 . Results of the Triazine I combustion experiments.
Expt. No. The enthalpies of combustion have been combined with the enthalpies of formation of carbon dioxide [19] , water [19] , and aqueous hydrofluoric acid [201 to obtain the enthalpies of formation. A summary of the experimental heats of combustion and the derived values for heats of formation is given in table 12. 
